We demonstrate spin-spiral-induced ferroelectricity in epitaxial TbMnO 3 films grown on YAlO 3 substrates down to a film thickness of 6nm. The ferroelectric polarization is identified by optical second-harmonic generation. Using x-ray resonant magnetic scattering we directly prove the existence of a noncollinear magnetic structure in the ferroelectric phase and thus bulk-like multiferroicity. The electric-field-induced reversal of the magnetic domains along with the reversal of the ferroelectric polarization evidences the rigid coupling of magnetic and ferroelectric order and hence a "giant" magnetoelectric effect in the films.
Competing magnetic interactions in crystals can lead to sinusoidal, helical, or cycloidal spin structures whose periodicity does not follow the periodicity of the lattice. The inherent competition and the low symmetry of such spiral-type structures is a rich source of exotic physical phenomena such as magnetically induced ferroelectricity, complex magnetic excitations such as electromagnons 1 and helimagnons, 2 or pronounced spin-torque effects. 3 There is a great current interest in these phenomena because they throw light on the relation between the spin, charge, and lattice degrees of freedom in systems with multielectron correlations. On the other hand they can also be a basis of future "spintronics" devices such as magnetoresistive or magnetoelectric memories. 4 The structure of a compound and its functionality is greatly improved by growing it as epitaxial film, possibly even as a constituent in a multilayer heterostructure. In this context, a key question is how robust the spin spirals are against the influence exerted by the substrate and the confinement to a film thickness of only a few spiral periods. There are many examples where the spiral magnetic order is fundamentally altered 5 or even suppressed, 6, 7 which suggests that the spiral order is in general very sensitive against any form of perturbation and easily destroyed.
A particularly interesting system class expressing this dilemma is compounds with a coexistence of magnetic and magnetically induced ferroelectric order. 8 These are the socalled spin-spiral multiferroics in which an incommensurate magnetic cycloid or spiral violates inversion symmetry such that a spontaneous polarization becomes allowed. Since the primary order parameter is the magnetic one, the resulting ferroelectricity is called improper. 9 The best known representative of this group is TbMnO 3 . Its multiferroicity was studied extensively and summarized in a complex phase diagram. [10] [11] [12] Consequently, most of the effort to transfer the spin-spiral order of a multiferroic from bulk samples to thin films was devoted to TbMnO 3 . [13] [14] [15] These experiments revealed a variety of interesting film properties, among which the most notably may be a magnetization induced by strain. 13 However, a reproduction of the spiral magnetism has not been achieved so far. The closest approach up to now was the observation of discontinuities in the magnetic and dielectric response in orthorhombic RMnO 3 films of ≈100 nm (R = Ho,Y,Tm), [16] [17] [18] yet without evidence for cycloidal magnetic order. Other experiments on FeVO 4 and Ni 3 V 2 O 8 19,20 concentrated on even thicker films, and the magnetic structure was not investigated. A comprehensive review of the different classes of multiferroics and their possible application with a focus on thin films can be found in Ref. 21 .
Here we report the presence of a noncollinear spin structure in epitaxial TbMnO 3 thin films and its stability against geometrical confinement. Using x-ray resonant magnetic scattering (XRMS), we directly show that the magnetic spin cycloid coexists and is coupled to a ferroelectric polarization detected by second-harmonic generation (SHG). This multiferroic phase persists at least down to a thickness of 6nm, corresponding to only 10 monolayers or 3 periods of the spin cycloid. These bulk-like properties with a rigid coupling between the magnetic and electric order are observed for untwinned, single-domain TbMnO 3 films grown nearly strain free on orthorhombic YAlO 3 substrates. 22 Manipulation of the magnetic domain structure by an electric field generated via a photoelectric charge or externally proves the giant magnetoelectric response.
II. SAMPLE PREPARATION AND CHARACTERIZATION
We used commercial stoichiometric TbMnO 3 disks to prepare the samples on orthorhombic YAlO 3 (1 0 0) substrates by high-pressure oxygen sputter deposition. At this surface the substrate in-plane lattice (b,c) perfectly fits the TbMnO 3 a and c axes, leading to single-domain films, which was confirmed by x-ray diffraction. Under an oxygen pressure of 3mbar the material was deposited using a radio-frequency-excited plasma below the target. The substrates had a distance of ≈2 cm to the target and were heated to ≈700
• C during deposition. X-ray reflectivity and diffraction were used to analyze the quality of the films and measure their thickness. The surface roughnesses ranges between 0.3 and 1.5 nm. Rocking scans on the (0 2 0) reflection reveal a width of only 0.05
• which confirms the excellent epitaxy of the films. The substrate matching is evidenced by reciprocal lattice maps around the (0 2 4) and . Rutherford backscattering spectrometry verifies that the stoichiometry is correct within the detection limit of 2%.
III. USED EXPERIMENTAL SETUPS
Soft XRMS was performed at the UE46-PGM1 beamline of BESSY II using the XUV diffraction chamber. The setup allows investigations with σ and π linear as well as circular polarized photons at the Mn L and Tb M edges. The samples were mounted on the cryostat cold finger using flat copper cylinders with the surface normal (b direction parallel to the cylinder axis) in the scattering plane (see Fig. 1 and detailed description in Ref. 24) .
SHG was performed using 130 fs pulses of 0.954 eV emitted at 1kHz by an optical parametric amplifier. This was pumped by a Ti:sapphire laser system generating amplified pulses at 1kHz and 1.55 eV. The samples were investigated in a transmission setup using a GaAs photomultiplier tube as detector.
25

IV. EXPERIMENTAL RESULTS
A. Magnetic order by XRMS
We first investigated the magnetic order of the TbMnO 3 films. As preparation macroscopic magnetization measurements were performed with a Quantum Design SQUID magnetometer, zero-field-cooled, field-cooled, and thermoremanent magnetization measurements with an applied field in the c direction all indicate a phase transition at T N ≈ 43 K, i.e., exactly as in the bulk material. This already points to possible bulk-like multiferroicity of the epitaxial films and stimulated a detailed XRMS examination. XRMS allows for the element-specific investigation of magnetic order and has already been applied to bulk RMnO 3 samples. [26] [27] [28] [29] Soft x-ray radiation is capable of studying the magnetization in thin films down to a few monolayers. 30, 31 It provides access to the spatial magnetization components with linearly polarized x rays and to the helicity of magnetic spirals 28, 29 with circularly polarized x rays.
As shown recently, 29 the magnetic structure of bulk TbMnO 3 consists of a canted spin density wave below T SDW ≈ 43 K and a so-called off-phase-synchronized cycloid below T C = 27 K, which induces the ferroelectricity. 11 This complicated structure allows two kinds of magnetic satellite reflections (H, K ± τ Mn , L): stronger A-type and weaker F-type reflections with L even and odd, respectively. F-type reflections were investigated by us at the Mn L 2,3 edge as the long wavelength inhibits access to any other satellite reflection.
Figure 2(a) shows the temperature dependence of the magnetic (0 τ Mn 0) reflection for films of different thickness. For all samples, incommensurate magnetic order is observed with a transition temperature similar to the bulk value. The width of the corresponding peak depends on the film thickness. The Tb propagation vector τ Tb has a value of 0.44 which is very close to the bulk value of 0.43. 26 The general trend of τ Mn to decrease from T SDW towards an almost lock-in at T C is also reported for the bulk but in the films the value of τ Mn shows a larger spread (0.26-0.31 versus 0.275-0.290 in the bulk 27 ). This effect increases for decreasing film thickness as depicted in Fig. 2(b) .
Polarization-dependent scattering reveals further details about the magnetic order. In our experimental geometry, the polarization-dependent magnetic XRMS intensities as a function of the scattering angles , 2 and site specific saturation magnetization (m a ,m b ,m c ) are given by 29, 32 (2 ) . (4) At first, the components of the Mn order and their temperature dependence were investigated with linearly polarized x rays. Measurements with ϕ at 0
• and 90
• using π and σ incident polarization allow for the determination of the magnetic moment components according to Eqs. incident beam at ϕ = 0
• (Fig. 2) . Below T C additional intensity for σ incident polarization arises, due to a b component of the magnetic moments (at ϕ = 90
• π and σ intensities are equal, ruling out an a contribution). Figure 3(a) shows the temperature dependence of the magnetic order parameters for a film of 11 nm. 33 Below 16 K a gradual emergence (shaded area in Fig. 3 ) of the Tb order with an inflection point at T N Tb ≈ 10 K is observed at (0 τ Tb 0). In contrast the transition occurs abruptly at 7 K in bulk crystals. Along with the change of slope of the spontaneous polarization according to the SHG data in Fig. 3(b) , which is not observed in bulk crystals, these differences point to a subtle modification of the Tb-Mn coupling in the films. Note, however, that the Mn propagation vector and transition temperatures are very close to bulk TbMnO 3 , even for the thinnest sample with only 6 nm thickness. This shows that TbMnO 3 can be prepared in very thin films without substantial alterations of the magnetic properties.
B. Ferroelectricity by SHG
For probing the ferroelectric order, a TbMnO 3 film was investigated by optical SHG. According to Fig. 2 no qualitative differences exists for films with a thickness between 6 and 100 nm, so that we restricted the optical investigation to the 100-nm film, where the strongest signal is obtained. In the leading order, SHG is only allowed in noncentrosymmetric crystals. A spontaneous polarization P s breaks the inversion symmetry and can therefore be detected background free by the emergence of a SHG signal. This is parametrized by the nonlinear susceptibility components χ ij k with i as polarization of the detected frequency-doubled light, and j and k as polarizations of the incident fundamental light waves. In TbMnO 3 , P s reduces the TbMnO 3 point group symmetry to mm2 so that the SHG intensity for light propagating along the b axis is given by 25 
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Here, ϕ 2ω and ϕ ω denote the polarization of the SHG and the fundamental light, respectively, with respect to the a axis. As depicted in Fig. 4 we irradiated the sample with light at 0.954 eV for which in a SHG spectroscopy measurement (not shown) the maximum SHG signal was obtained. The polarization and temperature dependence of the SHG signal is shown in Fig. 3(b) . We clearly observe the emergence of a SHG signal at 27 K, which is exactly the transition temperature into the multiferroic phase in the bulk. In addition the polarization dependence of the SHG signal matches that derived in Eqs. (5) and (6) for a ferroelectric state with spontaneous polarization along the c axis. We therefore conclude that aside from the magnetic order, the ferroelectric order of TbMnO 3 is also reproduced in the epitaxial films.
C. Coupled switching of magnetic and electric order
In the next step we scrutinized the coupling between the magnetic and the ferroelectric order as well as the magnetoelectric switching properties of the TbMnO 3 films below T C = 27 K. Note that this is an important missing piece in any investigation of epitaxial films with suspected magnetically induced ferroelectricity so far. The cycloidal magnetic structure m( r) leads to the circular XRMS diffraction intensities I ± : 28,29,34
for m( r) = e b m b sin ( τ · r) + e c m c cos ( τ · r).
The circular dichroism (I + − I − ) vanishes for a collinear magnetic structure but also for equal population of leftand right-handed domains. Hence, in order to observe this dichroism, we unbalanced the domain population by charging the samples through the photoelectric effect in the synchrotron beam while cooling them through T C as described in detail in Ref. 28 . As Fig. 5 shows, the charge-induced electric field leads 054401-3 to large regions of different dichroism and, hence, cycloidal handedness above and below the synchrotron burn point. This behavior was reproduced in all our samples down to the thinnest one of 6 nm.
The dichroism vanishes at the multiferroic transition temperature of T C ≈ 27 K, while the magnetic scattering is present up to 43 K. Cooling the samples with the beam at different positions shifts the boundary between the oppositely dichroic regions accordingly. This directly proves the control of the sense of rotation of the magnetic cycloid by the electric field exerted by the photoelectrically generated charge at the burn point 23 and, hence, the rigid magnetoelectric coupling in the TbMnO 3 films.
Although the surface map of the XRMS dichroism signal in Fig. 5 reveals two large regions of different magnetic handedness, the contrast between these regions is not uniform which seems to contradict the presence of two discrete magnetic states. We therefore performed additional SHG experiments in an electric field applied directly to the sample via noncontact electrodes and explored the switching behavior of the ferroelectric state. Figure 6 reveals a butterfly loop of the SHG intensity in a field of up to ±250 V/mm. The butterfly loop reflects the sensitivity of the SHG process to the sign of the spontaneous polarization. 25 With the method used in Ref. 35 the SHG signal can thus be converted into the sign-sensitive polarization loop shown as the inset of Fig. 6 .
We find a clearly hysteretic behavior. However, the shape of the hysteresis shows that the applied field is not high enough to drive the sample into saturation-the polarization reversal does not engulf the entire sample so that it remains in a multidomain state. SHG imaging experiments reveal a domain size of about 1 μm. We thus see that the fractional reversal of the polarization domains in Fig. 6 corresponds to a fractional reversal of the magnetic domains in Fig. 5 . Higher saturation (and contrast) is observed close to the burn point where the electric field is also higher. This is a striking confirmation of the rigid coupling between the magnetic and ferroelectric order in the films and a demonstration of a giant The field was applied with noncontact electrodes along the c axis. Assuming SHG contributions by the polarization, the electric field, and the crystallographic structure, a polarization hysteresis was fitted to the SHG data according to Ref. 35 (bottom, solid lines). Note that leakiness often produces pseudopolarization loops of a similar shape in pyroelectric current measurements. However, the SHG measurements are not affected by leakiness so that the polarization hysteresis in the inset is genuine. magnetoelectric effect with electric-field-induced reversal of the magnetic order. Furthermore, this is, to our knowledge, the first time that TbMnO 3 was magnetoelectrically polarized within the multiferroic phase.
D. Thin-film vs bulk magnetic order
There are several reasons we can be sure that we observe the same kind of magnetic order as in the bulk case, although we have restricted the investigation of the magnetic order to measuring a single F-type reflection. The transition temperature and the incommensurate propagation vector agree well with the TbMnO 3 bulk value. In Fig. 5 the chirality switches its sign when scanning the sample across the burn point in the c direction. This is only consistent with a polarization directed along the c axis and, thus, with the bulk-type chiral magnetic order. The circular dichroism rules out a collinear arrangement of magnetic moments and its signal strength is orders of magnitude too low for a reflection from a pure F-type order of the Mn magnetic moments.
V. CONCLUSION
In summary, the magnetic spin-spiral structure of bulk TbMnO 3 was successfully transferred to epitaxial films with a thickness of down to only three periods of the cycloidal spiral. Using XRMS and SHG as complementary methods we obtain direct evidence for the presence of a magnetic spiral and a magnetically induced ferroelectric polarization, respectively. The persistence of the multiferroic order in the thin films was achieved by growing the TbMnO 3 nearly strain free on YAlO 3 substrates. The corresponding multiferroic domains have a lateral extension of about 1 μm. A point charge induced by the photoeffect creates mm-sized magnetic majority domain regions. In addition, SHG experiments in an electric field show the corresponding reversal of the electric polarization and confirm the rigid coupling of magnetic and ferroelectric order in the TbMnO 3 films. According to these two observations the giant magnetoelectric effect known from the bulk is thus also successfully transferred to the epitaxial films. Our work shows that contrary to previous experience 6, 13 it is possible to sustain magnetic spiral order and the related multiferroicity and giant magnetoelectric coupling even in the presence of pronounced spatial confinement. This opens the possibility to implement the magnetically induced ferroelectrics as heterostructure constituent and thus further expand their functionality.
